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Abstract
We conducted phase referencing VLBI observations of the Mira variable T Lepus (T Lep) using VERA,
from 2003 to 2006. The distance to the source was determined from its annual parallax which was measured
to be 3.06±0.04 mas, corresponding to a distance of 327±4pc. Our observations revealed the distribution
and internal kinematics of H2O masers in T Lep, and we derived a source systemic motions of 14.60±0.50
mas yr−1 and −35.43±0.79 mas yr−1 in right ascension and declination, respectively. We also determined a
LSR velocity of V ∗LSR=−27.63 kms
−1. Comparison of our result with an image recently obtained from the
VLTI infrared interferometer reveals a linear scale picture of the circumstellar structure of T Lep. Analysis
of the source systemic motion in the Galacto-centric coordinate frame indicates a large peculiar motion,
which is consistent with the general characteristics of AGB stars. This source makes a contribution to
the calibration of the period-luminosity relation of Galactic Mira variables. From the compilation of data
for nearby Mira variables found in the literature, whose distances were derived from astrometric VLBI
observations, we have calibrated the Galactic Mira period-luminosity relation to a high degree of accuracy.
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1. Introduction
Mira variables are pulsating stars of masses 1–8M⊙
which undergo rapid mass loss before ejecting their outer
layers as planetary nebula shells. They play an important
role in the studies of evolved stars and are active sources
of chemical enrichment in the universe. Mira variables
show a relation between their pulsation period and lumi-
nosity, the so called “Period–luminosity relation (PLR)”.
One of the goals of the VERA project (VLBI Exploration
of Radio Astrometry) is to determine the PLR of Galactic
Mira variables. VERA is a VLBI array dedicated to
the study of Galactic dynamics (Kobayashi et al. 2003).
Calibration of the PLR for Galactic Mira variables is im-
portant because the PLR is used to determine the dis-
tances of Mira variables based on their pulsation periods
and apparent magnitudes. On this basis, the distribu-
tion and kinematics of Mira variables is used to study the
physics of the evolved star component of the Galaxy. As
T Lepus (T Lep) is a Mira variable with a pulsation pe-
riod of 368days (GCVS)1 and accompanied with bright
H2O masers, it is a fitting target for our study. T Lep
has a spectral type of M6e–M9e, and its V-band mag-
1 General Catalog of Variable Stars
http://heasarc.gsfc.nasa.gov/W3Browse/all/gcvs.html
nitude varies from 7.3 to 14.3 mag (Samus et al. 2004).
From the 2MASS database, the K-band magnitude is re-
ported to be −0.266±0.354 mag (Cutri et al. 2003), and
the mass-loss rate was estimated by Loup et al. (1993)
to be 7.3×10−7 M⊙yr
−1. In the first Hipparcos catalog
(Perryman et al. 1997), the parallax of T Lep is reported
to be negative (−1.77±2.73 mas), and its distance can not
be derived. Recently, new reduction of the Hipprarcos
data (van Leeuwen 2007) provides a parallax of 1.37±1.44
mas. Although the nominal parallax becomes positive,
the error is still large and thus the corresponding distance
of ∼730 pc is not reliable, with roughly ± 100% error.
Therefore, determination of a more accurate distance is
desirable.
Observations of the photosphere and molecular shells of
AGB stars have seen significant improvements recently in
the form of infrared interferometry, and T Lep is one of
the few sources observed in detail in this way. With an ac-
curate distance, we can convert the angular size obtained
from the infrared interferometer to the linear size of the
star. The lack of a reliable distance estimate prevents us
from understanding the physical properties of stars. By
measuring the trigonometric parallax with VERA, we are
able to evaluate the parameters to a higher accuracy than
those previously obtained. In this paper, we report dis-
tance and proper motion of T Lep, measured with the as-
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trometric VLBI observations. With regards to the calibra-
tion of the PLR for Galactic Mira variables, the number of
accurate astrometric results is still small. Calibration of
the Galactic PLR is one of the principle aims of our study
and our parallax measurement of T Lep contributes an
additional good source to the PLR sample used to inves-
tigate and improve the reliability of the PLR.
Details of our observations and data reduction are de-
scribed in section 2. In section 3, we present the motions
of maser spots revealed by multi epoch VLBI observations
with VERA. The internal kinematics of the masers asso-
ciated with T Lep are also presented. Trigonometric par-
allax is converted to distance in this section. In section 4,
we estimate position of photosphere of T Lep using the
observed distribution and internal kinematics of masers.
Furthermore, we calculate the spatial motion of T Lep in
the Galacto-centric coordinate frame, and also discuss the
calibration of the Galactic PLR in section 4. We summa-
rize our study in section 5.
2. Observations and data reduction
2.1. Observations
Between February 2004 and March 2008, a total of 20
astrometric VLBI observations toward T Lep were per-
formed with VERA. We observed the H2O maser emis-
sion at 22.235 GHz. Using the dual-beam system of
VERA (Kawaguchi et al. 2000), an extragalactic contin-
uum source J0513−2159 was simultaneously observed at
22 GHz as a position reference for the phase-referenced
images. The separation angle of T Lep and J0513−2159
was 2.08◦ with a pair position angle of 92◦. The typical
duration of each observation was 6–8 hours, in order to
track the sources from horizon to horizon, and the obser-
vation interval was approximately one month.
In our observations we received left handed circularly
polarized emission. Two data recording rates of 128 Mbps
and 1024 Mbps in 2-bit digitization were adopted, de-
pending on the observing epoch. In 2004 and 2005, 10
observations were recorded in 128 Mbps mode, and the
remaining 10 observations were carried out in 1024 Mbps
mode. The recording rates of 128 Mbps and 1024 Mbps
yield total bandwidths of 32 MHz and 256 MHz, respec-
tively. In the observations utilizing a 128 Mbps recording
rate, the 32 MHz band width data was divided into 2 IF
channels of 16 MHz bandwidth, with one IF channel being
used to receive maser emission form T Lep and the other
used to receive continuum emission from J0513−2159. In
the observations utilizing a 1024 Mbps recording rate, the
total bandwidth of 256 MHz was divided into 16 IF chan-
nels of 16 MHz bandwidth. Then, one IF was used for
T Lep and the other 15 IFs were used for J0513−2159.
In 19 observations, we adopted a frequency spacing of
15.625 kHz corresponding to a velocity spacing of 0.21
km s−1. In the observation on 2006 Mar 20, a frequency
spacing of 32 kHz was adopted, yielding a velocity spac-
ing of 0.42 km s−1. In the case of the reference source
data from J0513-2159, each IF channel was divided into
64 spectral channels.
Table 1. VLBI Observations.
Epoch Date MJD DOY Rate.
ID† [Mbps]
1 2004 Feb 02 53037 33 1024
2 Mar 01 53065 61 128
3 Mar 25 53089 85 128
4 Apr 26 53121 117 128
5 May 19 53144 140 1024
6 Nov 24 53333 329 128
7∗ Dec 26 53565 360 128
8∗ 2005 Jan 19 53389 19 128
9∗ Feb 11 53412 42 128
10∗ Mar 10 53439 69 128
11 Apr 11 53471 101 128
12 May 12 53502 132 128
13∗ Sep 20 53633 263 1024
14∗ Nov 21 53695 325 1024
15∗ Dec 22 53726 356 1024
16 2006 Jan 31 53766 31 1024
17∗ Mar 20 53814 79 1024
18∗ Apr 20 53845 110 1024
19 May 21 53876 141 1024
20 Aug 10 53957 222 1024
† Epoch IDs marked with “∗” indicate epochs that were
used in the parallax estimation.
The a priori coordinates of the two sources in J2000
equinox were (α, δ) = (05h 04m 50s.843, −21◦ 54′
16′′.505) for T Lep and (05h 13m 49s.114324, −21◦ 59′
16′′.09203) for J0513−2159, respectively. These coordi-
nates are adopted as phase tracking centers in the correla-
tion process using the Mitaka FX correlator (Shibata et al.
1998) at the National Astronomical Observatory of Japan
(NAOJ). The typical synthesized beam size (FWHM) was
1.70 mas× 0.66 mas with a position angle of 160◦. Table 1
summarizes the observations carried out with VERA. The
times of the observations are given as Date (year, month,
day), Modified Julian Date (MJD), and Day of Year
(DOY). The recording rates are also presented.
In parallel with the VLBI observations, we have moni-
tored H2O maser emission in T Lep with single-dish obser-
vations at the VERA Iriki station. The single-dish mon-
itoring started in 2003 September with a typical interval
of one month (Shintani et al. 2008). The 1-σ noise level
of the single-dish observations is 0.05 K, corresponding to
∼1 Jy.
2.2. Data Reduction
2.2.1. Phase-referencing imaging
For the determination of an annual parallax and proper
motion of maser spots, we must measure their positions
with respect to the reference source J0513−2159 via a
data reduction process incorporating phase-referencing.
In data reduction and imaging processes, we used the
Astronomical Image Processing System (AIPS) package.
The amplitude calibration was performed by using system
temperatures and antenna gains logged during the obser-
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vations. To solve residual phase fluctuation in the raw
data of reference source J0513−2159, we used the task
fring with an integration time of 2−4 minutes. Solutions
of phases, group delays, and delay rates obtained in ev-
ery 30 seconds were transferred to the data of T Lep to
calibrate its residual phase. Calibrated visibility data of
T Lep were finally Fourier−transformed to create phase-
referenced images with dimensions 1024 × 1024 pixels,
with a pixel size of 0.05 mas. The brightness distribution
on the final images was fitted to two dimensional Gaussian
models to obtain positions of the maser spots. Then, the
positions defined as the peak of the Gaussian models were
used to estimate the annual parallax and linear proper
motions. The 1-σ noise level of phase-referenced images
ranges from 0.2 Jy beam−1 to 2.0 Jy beam−1 and the low-
est signal-to-noise ratio (S/N) of any phase-referenced im-
age was 6.7, on 2005 Feb 11.
2.2.2. Single-beam VLBI imaging
In addition to the phase-referencing imaging, we also
performed single-beam VLBI imaging of maser spots in
order to obtain their distribution and the internal maser
kinematics in T Lep. We used the same software pack-
age. In this reduction procedure we only solved for group
delay, this was done using the bright continuum source
J0530+1331. Then, residual phases and rates were solved
using a bright maser spot with LSR velocity (VLSR) of
−29.73 km s−1. In the single-beam VLBI images, the po-
sitions of other maser spots were determined with respect
to this reference maser spot. In deriving the internal mo-
tions of maser spots, a linear least-squares analysis was
applied to maser spots that were detected at the same
velocity channel during at least two continuous observa-
tions. The 1-σ noise level of the single-beam VLBI images
ranges from 130 mJy beam−1 to 590 mJybeam−1, and a
S/N of 7 was adopted as the detection criterion.
3. Results
3.1. Single-dish observation results
Total-power spectra of H2O masers in T Lep is pre-
sented in figure 1. The spectra were obtained with single-
dish observations at VERA Iriki station on 2007 Feb 4
(solid line) and 2008 Feb 14 (dashed line). During our
monitoring period, a single velocity component at VLSR
of −30 km s−1 was dominant. We magnified an inset in
figure 1 to show weak emission at VLSR of −26 km s
−1.
Time variation of the maser over four years is presented
in figure 2, with the intensity variation of five velocity
components denoted by different symbols. The compo-
nent with a VLSR of −30 km s
−1 was bright and contin-
uously detected during our single-dish monitoring obser-
vations. A pulsation period of 368 days (GCVS), derived
from optical observations, seems to be consistent with the
radio intensity variation. The period of our VLBI obser-
vations is also shown in figure 2. Intensities of the other
velocity components at VLSR of −24 km s
−1, −25 km s−1,
−27 km s−1, and−32 km s−1 were much weaker, and could
be detected only a limited number of epochs in our single-
dish observations.
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Fig. 1. Total-power spectra of H2O masers in T Lep ob-
served at the Iriki station in 2007 Feb 4 (solid line) and 2008
Feb 14 (dashed line). The profile of a weak emission at VLSR
of −26 km s−1 can be seen in the magnified inset. The velocity
component at VLSR of −30km s
−1 was persistently dominant.
3.2. Annual parallax and distance
Using phase-referenced images we estimated the paral-
lax of T Lep. During our observation periods, the maser
spot at VLSR = −29.73 km s
−1 was persistently brighter
than all other maser spots over 1.5 years, and detected in
phase-referenced images in 9 epochs (epoch IDs of 7, 8, 9,
10, 13, 14, 15, 17, and 18). Intensity of this maser spot in
phase-referenced images showed time variation between
1.5 Jy beam−1 on 2005 Feb 11 and 19.0 Jy beam−1 on
2005 Sep 20, with corresponding S/Ns of 6.7 and 9.7, re-
spectively. The averaged S/N of phase-referenced images
was 9. Using the maser spot at VLSR = −29.73 km s
−1,
we determined the annual parallax and linear proper mo-
tion. The resultant annual parallax was estimated to be
3.06±0.04 mas, corresponding to a distance of 327±4 pc.
In this fitting process, position uncertainties in R.A.(σX)
and Dec.(σY) of 0.08 mas and 0.18 mas were applied.
These position uncertainties were obtained as a quadratic
sum of possible error factors. More details are presented
in section 3.3.
The linear proper motions of the maser spot at VLSR =
−29.73 km s−1 along the R.A. and Dec. axes (µX,
µY) were determined to be (13.59± 0.05, −34.55± 0.12)
mas yr−1. This motion is a combination of systemic mo-
tion of T Lep and the internal motion component of the
spot with respect to the system.
In figure 3, we present parallactic oscillations of the
maser along R.A. (top panel) and Dec. (bottom panel)
axes. Horizontal axis indicates the days from 2004 Jan 1.
Each vertical axis shows positional offset after subtracting
the linear proper motion. Error bars indicate position
uncertainties along each axis. Sizes of the error bars in
R.A. is almost the same as the size of the symbol.
The image of J0513−2159 did not show any change of
the structure and it was always observed as a point source,
confirming that J0513−2159 wad suitable as a position
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Fig. 2. Time variation of H2O masers obtained with single-dish monitoring at the VERA Iriki station. Major velocity components
are presented with different symbols of “•”, “+”, “×”, “∗”, and “◦”, corresponding to VLSR of −32, −30, −27, −25, and −24
kms−1, respectively. Time duration of our VLBI observations is also presented.
reference throughout our observations.
3.3. Astrometric Error
In phase referencing observations, there are several fac-
tors that cause positional error in the image of the maser.
In this section, we estimate the positional error due to
these factors. At first, we consider the error which de-
pends on the S/N of the phase-referenced image (thermal
noise). From the image S/N and synthesized beam size θb,
the positional error is estimated as θb/(S/N) which, using
our average S/N of 9, corresponds to errors of 65µ as and
178µ as in R.A. and Dec., respectively.
Next, we estimate the error contribution from residu-
als of the wet zenith excess path. In our previous study
(Nakagawa et al. 2008), the typical error of this kind was
estimated to be ∼30 mm. Based on the same procedure
used in section 4 in Honma et al. (2007), we estimated
a positional error of 45 µas. Since the source pair po-
sition angle is 92◦, the difference of elevation angles is
∼ 1◦ at the time of the setting and rising of the source
pair. This causes a path-length error of 0.5 mm (=30
mm×1◦/57◦.3/rad, where 1◦ is the elevation angle dif-
ference of the pair) between the two sources. This path
length error corresponds to 45µ as (= 0.5 mm/2.3×109
mm where 2.3×109 mm is the maximum baseline length
of VERA). Although the error in the antenna position of
each station gives another astrometric error, this contri-
bution is one order of magnitude smaller than that due to
the wet zenith excess path.
Taking a quadratic sum of these factors, we finally ob-
tained the position uncertainties in R.A. (σX) and Dec.
(σY) to be 0.08 mas and 0.18 mas, respectively. We use
these errors in the estimation of the annual parallax.
3.4. Maser distribution and internal motions
To investigate the distribution and internal kinematic of
masers in T Lep, we used images obtained using the single-
beam VLBI imaging process as described in section 2.2.2.
We detected 84 maser spots toward T Lep, these are listed
in table 2, in order of increasing VLSR.
Regarding the time variation of maser positions, we con-
sider the internal kinematics in the T Lep system as fol-
lows. At first, we obtained the linear motion of i-th maser
spot (vix, v
i
y), in units of mas yr
−1, relative to the refer-
ence maser spot (ID 57). The subscripts of x and y denote
directions along the R.A. and Dec., respectively. The de-
gree of error in linear motions were also obtained from this
fitting. Based on this data, we defined a “maser group” as
a collection of spots for which the VLSR differences were
less than ∼1 km s−1 and the position differences on sky
plane were within ∼5 mas. Under these criteria we found
seven groups of maser spots and an isolated spot (ID 35).
The spot ID 35 exhibits large differences in both position
and VLSR. Each group is composed of a few to several
maser spots of proximal location and similar VLSR, these
are represented by dotted circles in figure 4. The group
IDs are shown as “Grp.1” to “Grp.7” in figure 4 and also
in column (11) of table 2. Then we obtained proper mo-
tion of the j-th group (vjx, v
j
y) by averaging the proper
motions as,
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maser group
Grp.1
Grp.2
Grp.3
Grp.4
Grp.7
Grp.6
Grp.5
line 1; median
line 2; average position
line 3; average of vector intersection
Fig. 4. Illustration of the maser groups and estimated position of the central star. H2O masers were divided into 7 groups and
presented by circles with dotted line. Estimated star positions are presented by crosses using different line styles. See section 4.1 for
detail. Arrows are same as those in figure 5
vjx =
1
n
n∑
i=1
vix, v
j
y =
1
n
n∑
i=1
viy (1)
where, n is the number of maser spots included in the
groups j.
Next, we estimate the mean motions (V meanx , V
mean
y )
from the following,
V meanx =
1
7
7∑
j=1
vjx, V
mean
y =
1
7
7∑
j=1
vjy, (2)
where, 7 is the number of maser groups. Using the ob-
served data, the mean motion (V meanx , V
mean
y ) = (−1.01,
0.88) mas yr−1 was obtained. After subtracting this mean
motion from the previously obtained maser motions (vix,
viy), we finally obtain the internal motions (V
i
x , V
i
y ) of each
maser.
V ix = v
i
x−V
mean
x , V
i
y = v
i
y−V
mean
y (3)
These relative internal motions (V ix , V
i
y ) are represented
by arrows in figure 5. For the error values of V ix and V
i
y ,
we adopted the same values obtained in the least-squares
fitting of vix and v
i
y. For 84 maser spots, the positions
(X i, Y i), internal motions (V ix , V
i
y ) and their errors (σ
i
V x,
σiV y) are reported in table 2, together with their radial
velocities VLSR, flux S, and detection S/Ns. In the case
where a maser spot is detected in only two observations we
do not define the errors for its motion and subsequently
there is no error value written in the table.
In figure 5, we present the distribution and internal mo-
tions of the maser spots in the sky plane. They are dis-
tributed over an area of 110 mas × 50 mas corresponding
to 26.0 AU × 16.3 AU at the source distance estimated
in this work, i.e. 327 pc. The distribution of maser spots
is elongated along the East-West direction. At our esti-
mated source distance a proper motion of 1 mas yr−1 cor-
responds to a transverse velocity of 1.55 km s−1. Scales
for the magnitudes of the sky-plane velocity and size are
presented at the top-right of the figure. The Color of each
spot shows its VLSR, which ranges from −32 km s
−1(blue)
to −23 kms−1(red). The maser spot at VLSR = −29.73
km s−1 (ID 57), which was used as a position reference
in obtaining the internal motions, was placed at the map
origin of figure 5. Averaging over the relative internal
motions of 42 maser spots, the typical transverse speed
was obtained to be 2.71 mas yr−1, corresponding to 4.20
km s−1 at 327 pc.
4. Discussion
4.1. Systemic motion of T Lep
From our VLBI observations, we cannot detect any ra-
diation from the central stellar photosphere, and thus we
cannot obtain the exact position of the central star di-
rectly. However, using the distribution and kinematics of
the maser spots, we can estimate it. As shown in the
previous section, we consider that the distributions and
kinematics of masers around T Lep are better traced by
consideration of maser groups, rather than considering all
maser spots individually. In this section we therefore de-
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at map center ;  
Le Bouquin et al. 2009 
Peculiar
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  plane
Fig. 5. H2O maser distribution in T Lep. Superposition of VLTI infrared interferometric image and H2O maser distribution
obtained with VERA. Color image at the center of this figure is an image obtained with VLTI. H2O masers observed with VERA
are distributed at outer area of this figure. Colors of filled circles indicate their VLSR. Color of the central star is unrelated to the
color index of the maser.
note the “group position” (XGrp,Y Grp) and “group veloc-
ity” (V Grpx ,V
Grp
y ) as positions and velocities averaged over
all maser spots in each group, these are also presented in
table 3. We also show the “group radial velocity” V GrpLSR
which is the radial velocity averaged over all maser spots
in each group, and radial velocity difference in each group
∆VLSR, in table 3.
There are a few possible methods to estimate the po-
sition of the central star from group positions. At first,
we simply took the median of the maser group positions
in R.A. and Dec. This lead to an estimated position of
(−40.24±36.52, 19.88±14.78)mas and is shown by a cross
drawn with a solid line (line 1) in figure 4, where error bars
come from the standard deviations of all group positions
with respect to the median. Secondly, we took the av-
erages of the group positions. This approach lead to an
estimated position of (−37.74± 36.44, 18.60± 14.72) mas
and is shown as a cross drawn with a dashed line (line2)
in figure 4, where error bars are the standard deviations
of all group positions with respect to the average. In ad-
dition to the group positions, we considered the internal
motion of each maser group. If all maser groups move
radially outwards from the central star, motion vectors of
maser groups should intersect at a common origin. Using
the observed motion vectors of maser groups on the sky
plane, we noted all intersection points involving any two of
the seven maser groups. Out of 21 intersection points we
excluded 9 points which were located beyond the maser
distribution. The average of these intersection points was
(−41.80±17.57, 20.34±9.94) mas and is shown in figure 4
as a two-dot chain line (line 3).
These three expected positions of the central star were
consistent within their errors. We therefore concluded the
position of the central star to be (X∗, Y ∗) = (−39.93±
30.18, 19.61± 13.15) mas which is shown in figure 5 as
a white cross. The final positional error was estimated
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Fig. 3. Oscillation of the maser spot at VLSR = −29.73
kms−1 in T Lep. Filled circles represent the maser position
obtained by phase-referencing analysis. Solid lines indicates
the best fit model of the parallactic oscillation.
as the geometric average of the errors from the above
three procedures. Subtracting the mean motion (V meanx ,
V meany ) from the linear proper motion of the maser spot
used in parallax estimation (ID 57), we also obtained a
systemic velocity of T Lep (V ∗x , V
∗
y ), which we estimate
to be (14.60±0.50, −35.43±0.79) mas yr−1. We use these
motions in section 4.4 in order to discuss kinematics of
T Lep in a Galacto-centric coordinate frame.
In the first Hipparcos catalog (Perryman et al. 1997)
and revised one (van Leeuwen 2007), the proper motion
of T Lep was reported to be (8.17± 1.63, −31.63± 1.74)
mas yr−1 and (12.31± 1.18, −33.31± 1.10) mas yr−1, re-
spectively. The proper motions and parallaxes from the
aforementioned works, along with our results, are shown
in table 4. The parallax from our measurement improved
the accuracy of the distance to T Lep, and the consis-
tency of proper motion estimations between Perryman et
al. (1997), van Leeuwen (2007), and our measurement sup-
ports the validity of our method in investigating the inter-
nal motions of maser spots, and the position of the central
star.
4.2. Superposition of radio and infrared images
Today, the consensus regarding the global picture of
AGB stars is an onion-like structure with molecular
shells and dust shells surrounding the photosphere (e.g.
Wittkowski et al. 2007). This kind of structure is con-
firmed in radio observations. For example, Reid & Menten
(1997) observed Mira and semiregular variables with the
VLA. They resolved the stellar disk of W Hya and sug-
gested that there exists a radio photosphere encompassing
the stellar disk.
Recently, infrared interferometers are playing an im-
portant role in the investigation of the circumstellar en-
vironment of AGB stars (e.g. Le Bouquin et al. 2009;
Wittkowski & Boboltz 2005; Wittkowski et al. 2007).
Using the Very Large Telescope Interferometer (VLTI,
Haguenauer et al. 2008), they created infrared images with
resolutions as fine as those of radio interferometers. Le
Bouquin et al. (2009) observed T Lep with the VLTI at
J-, H-, and K-bands and obtained images and sizes of the
central star with its surrounding shell. This represented
the first direct evidence of the spherical morphology of
the photosphere and molecular shell in T Lep. The im-
ages were taken in a short period, like a snapshot, and
the sizes are thus considered to be applicable explicitly to
that time. Although they revealed the stellar surround-
ings, the linear size had remained uncertain since con-
version from angular size to linear size requires accurate
knowledge of the source distance. We estimate the linear
sizes of the photosphere and surroundings based on our
distance measurement. Prior to this work Le Bouquin et
al. (2009) estimated the linear size of T Lep using a paral-
lax of 5.97±0.70 mas. However, this was in fact the value
for another star and the actual parallax of 1.37±1.44 mas
from the revised Hipparcos catalog (van Leeuwen 2007)
has too large an error to estimate the distance reliably.
In figure 5, we overlaid the VLTI image of T Lep from Le
Bouquin et al. (2009) with H2O masers from this work us-
ing the estimated stellar position obtained in section 4.1.
Using our distance of 327 pc, the radius of the molecu-
lar shell of 7.5 mas (Le Bouquin et al. 2009) corresponds
to 2.45 AU (= 527 R⊙), and photospheric radius of 2.9
mas (Le Bouquin et al. 2009) corresponds to 0.95 AU (=
204 R⊙). The projected distance of maser spots from the
central star was seen to be 36 mas, or 12 AU, which is
12 times larger than the radius of the stellar photosphere.
Using the same instrument as Le Bouquin et al. (2009),
Wittkowski et al. (2007) observed the Mira variable S Ori
and reported that the stellar photosphere of S Ori shows a
phase-dependent variability with an amplitude of ∼20%
that is well related in phase with the visual lightcurve.
Zhao-Geisler et al. (2011) also reported a variability of
the photosphere of the semiregular variable W Hya. The
photosphere of T Lep has not been continuously observed
like S Ori or W Hya, monitoring observations with infrared
interferometer and accurate distances would be helpful for
a better understanding of linear scale properties of Mira
variables.
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4.3. Calibration of the period-luminosity relation
By analyzing AGB stars in the Large Magellanic Cloud
(LMC), Wood (2000) found at least five distinct period-
luminosity relation (PLR) sequences. Ita et al. (2004)
also confirmed these relations using larger number of stars.
Thanks to the large number of samples, the PLR in LMC
is well established. However, the PLR for Mira variables
in our Galaxy is yet to be well established because only
a few Mira variables have accurately measured distances,
using reliable methods. In determining the Galactic PLR,
we have to convert an apparent magnitude mK to an ab-
solute magnitudeMK based on the source distance, there-
fore, the accuracy of the distance estimate is crucial for
this study. The sample number is also of influence, since
large samples contribute to make the Galactic PLR more
accurate.
The PLR has been investigated previously by van
Leeuwen et al. (1997) using 16 sources from first Hipparcos
catalog (Perryman et al. 1997), however uncertainties in
MK were very large due to large distance errors. More
recently, Whitelock et al. (2008) compiled parallaxes from
VLBI observations together with the revised Hipparcos
Catalog (van Leeuwen 2007) and reported the Galactic
PLR. Recent VLBI observations with VERA give the
parallaxes of four variables; 2.33±0.13 mas for S Crt
(Nakagawa et al. 2008), 4.7±0.8 mas for R Aqr (Kamohara
et al. 2010), 0.75±0.03 mas for SY Scl (Nyu et al. 2011),
and 7.31±0.50 mas for RX Boo (Kamezaki et al. 2012).
In this paper, we provide the addition of a new source
T Lep, with its parallax of 3.06±0.04 mas, to the sample
set (table 5). Using the distance D=327±4.3 pc of T Lep,
the apparentK magnitudemK =0.12 (Fourier mean mag-
nitude in Whitelock et al. 2000) can be converted to an
absolute magnitudeMK =−7.45±0.03, where the error of
0.03 mag is attributed to the parallax error. In table 5 we
also give MK for the other sources S Crt, R Aqr, SY Scl,
and RX Boo. To derive MK for these four sources, we
used values of mK from previously published papers, and
distances determined with VERA. The variability types
(Mira or semiregular; SR), parallaxes, pulsation periods,
mK , andMK are summarized in table 5, and references of
the parallaxes and mK are also presented in the footnote
of the table. In addition to the results from VERA, we
compiled data from five published sources (S CrB, U Her,
RR Aql, W Hya, and R Cas) whose parallaxes were mea-
sured with astrometric VLBI observations using the Very
Long Baseline Array (VLBA), and we presented them also
in the lower half of table 5. We estimated the MK errors
of all sources assuming that the errors can be attributed
to only the distance uncertainties.
We define the PLR in the form ofMK =−3.51logP +δ.
Since it is difficult to determine the slope of the PLR
using a small number of sample, we adopted the slope
of −3.51 which was obtained from the relation in LMC
(Whitelock et al. 2008). We solve δ through a weighted
least-squares fitting. Using all ten sources on table 5, δ
was obtained to be 1.49±0.05, and this relation is pre-
sented with the dotted line in figure 6. When we use five
M
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Fig. 6. Period−luminosity relation derived from astrometric
VLBI observations. Filled symbols represent absolute magni-
tudes MK that derived from VERA observations. Open sym-
bols represent those from other VLBI observations conducted
by Vlemmings et al. (2003) and Vlemmings & van Langevelde
(2007). Square symbols are used to denote semiregular vari-
ables. Dashed line shows a relation reported by Whitelock et
al. (2008).
sources (T Lep, S Crt, R Aqr, SY Scl, RX Boo) whose
distances were determined with VERA, δ was obtained
to be 1.50±0.06, and this relation is presented with the
solid line in figure 6. For a comparison between our study
and previous works, we also show the relation reported
by Whitelock et al. (2008) in figure 6 using a dashed line.
Fitting results from two sample sets (all ten sources and
five VERA sources) become close to each other because
the MK error of T Lep is very small and a weighting of
this source is large in the fittings. Using the five sources
from VERA observations, we also solved δ through an un-
weighted least-squares fitting in order to avoid the effect
of large weighting of T Lep. The δ was obtained to be
1.37±0.07, and this relation is presented with one-dotted
chain line in figure 6. Every δ values obtained from the
fittings are larger compared to the relation reported by
Whitelock et al. (2008). At present, accuracies of the dis-
tances largely differ for each source, and the differences
in the estimation of δ should be carefully addressed. For
a better understanding of the relation, we are monitor-
ing more Mira variables with VERA to increase sample
numbers and to obtain more accurate values of MK .
4.4. Galactocentric kinematics
From our astrometric observations, the three-
dimensional positions and velocities of T Lep were
revealed. Using standard assumptions about the galactic
rotation and solar motion, we can convert the observed
motion in the helio-centric coordinate to motions in the
Galacto-centric coordinate. In this section we derive the
non-circular motion (peculiar motion) of T Lep. Here,
velocity components of the peculiar motion of T Lep (U∗,
V∗, W∗) are defined at the source local position. U∗ is the
velocity radially toward to the Galactic center, V∗ is in
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the direction of the Galactic circular rotation, and W∗ is
in the direction to the North Galactic Pole, perpendicular
to the Galactic plane. In the conversion procedure, we
adopted Θ0 = 220 km s
−1 (IAU recommendation) as the
circular rotation velocity of the LSR. The same value
was used as T Lep’s circular rotation velocity. We also
adopted a value of 8.5 kpc (IAU recommendation) for
the Galacto-centric distance of the Sun. In a detailed
study by Francis & Anderson (2009), the solar motion
was reported to be (U⊙, V⊙, W⊙) = (7.5±1.0, 13.5±0.3,
6.8±0.1) km s−1, we used these values in our analysis.
In the calculation of the three-dimensional kinematics
of T Lep, we used the systemic proper motion of (V ∗x ,
V ∗y )=(14.60±0.50, −35.43±0.79) mas yr
−1 and the LSR
velocity −27.63 kms−1 which was the center velocity of
the maser spots shown in table 2. The resultant pecu-
liar motion of T Lep was obtained to be (U∗, V∗, W∗) =
(57.96, −36.14, 14.67)km s−1. This shows a large discrep-
ancy from the assumed circular rotation, indicating an
inward motion to the Galactic center, a large delay from
the circular rotation, and a northward motion from the
Galactic plane. However, the individual peculiar motion
of T Lep is consistent with the results published in Feast
& Whitelock (2000) which also indicates inward motions
to the Galactic center and a delay from the Galactic rota-
tion, which represents a different trend from the statistic
properties of variable stars with similar periods in Feast
& Whitelock (2000). The obtained peculiar motion of
T Lep is indicated with a white arrow at the top-right of
figure 5. The direction parallel to the Galactic plane is
also shown with another white arrow at same position in
figure 5, where the Galactic longitude l increases toward
the south-east of this map.
If we assume that the inter stellar medium (ISM) is
fixed with regards to local circular rotation, the peculiar
motion can be treated as a source motion relative to the
ISM. In this picture, the linear velocity of T Lep relative
to the ISM is obtained to be 69.86km s−1, which is the
root sum square of the three components of peculiar mo-
tion. Recently, evidence of the interaction between the
ISM and circumstellar medium (CSM) of evolved stars
was detected in infrared images (Cox et al. 2012; Decin
2012). Clear images of bow shocks in many sources are
reported and these bow shocks often appear in front of
the source proper motion. Since T Lep is an evolved star
with a high mass-loss rate, we can expect a bow shock or
dust shell around T Lep. Up to now, there is no publi-
cation similar to the works of Cox et al. (2012) or Decin
(2012) showing the infrared image around T Lep. In the
near future, we expect the detection of a bow shock that
indicates clear consistency with our kinematic estimation.
5. Summary
Phase referencing VLBI observations with VERA to-
wards T Lep allowed for the evaluation of a precise dis-
tance estimate, based on the measurement of annual par-
allax. The obtained parallax of 3.06±0.04mas corre-
sponds to a distance of 327±4.3 pc. We revealed the
distribution of maser spots in an area of 110 mas × 50
mas, and the internal kinematics of maser spots showed
an outward motion from the distribution center. Using
the obtained systemic proper motion of T Lep (V ∗x , V
∗
y )
= (14.60±0.50, −35.43±0.79) mas yr−1 and LSR velocity
of −27.63 km s−1, we deduced a peculiar motion of (U∗,
V∗, W∗) = (57.96, −36.14, 14.67)km s−1, assuming cir-
cular rotation at the source local position. This shows a
large discrepancy from the assumed circular rotation.
We superimposed an image of the H2O masers from this
work with an interferometric infrared image of T Lep. For
the position of the central star, we assumed an estimated
position from our maser distribution and kinematic anal-
ysis. Using the obtained distance of 327 pc, the angular
radius of the molecular shell (7.5 mas) and photosphere
(2.9 mas) revealed with the VLTI by Le Bouquin et al.
(2009) were converted to the linear scales of 2.45 AU and
0.95 AU, respectively.
For the determination of the Galactic PLR, we com-
piled published results obtained with astrometric VLBI
observations. Using ten sources including our contribu-
tion of “T Lep”, we calibrated the PLR for Galactic Mira
variables in the form MK =−3.51logP + δ by solving the
parameter δ via weighted least-squares fitting. The δ was
obtained to be 1.49±0.05. We are continuing astromet-
ric VLBI observation towards Galactic Mira variables to
calibrate the PLR more accurately.
First author would like to thank R. Burns for careful
reading of the manuscript, and helpful advices. We grate-
fully acknowledge T. Jike and T. Kurayama who devel-
oped software packages which aided us in reduction of the
astrometric data.
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Table 2. Parameters of the detected masers.
ID VLSR X Y S S/N Vx σV x Vy σV y Grp.
i [km s−1] [mas] [mas] [Jy beam−1] [mas yr−1] [mas yr−1] ID
1 −23.20 −23.74 27.46 3.1 17.3 . . . . . . . . . . . . 6
2 −23.41 −24.06 27.55 6.2 8.0 2.87 0.32 0.03 1.40 6
3 −23.41 −23.11 26.08 2.6 13.7 . . . . . . . . . . . . 6
4 −23.62 −26.87 26.95 1.6 7.6 . . . . . . . . . . . . 7
5 −23.62 −25.85 30.69 1.8 8.8 . . . . . . . . . . . . 7
6 −23.62 −24.52 29.43 2.9 13.9 3.71 . . . −0.25 . . . 6
7 −23.62 −23.90 27.74 18.2 87.1 3.05 0.90 0.66 0.09 6
8 −23.62 −23.36 26.16 6.8 32.5 . . . . . . . . . . . . 6
9 −23.83 −26.35 28.94 4.5 8.5 . . . . . . . . . . . . 7
10 −23.83 −25.92 30.94 1.5 8.5 . . . . . . . . . . . . 7
11 −23.83 −24.52 29.65 2.5 14.3 . . . . . . . . . . . . 6
12 −23.83 −23.97 27.99 13.8 78.4 2.17 0.22 0.82 0.55 6
13 −23.83 −23.20 26.25 2.2 12.6 . . . . . . . . . . . . 6
14 −24.04 −26.41 28.83 4.9 8.9 1.48 . . . −0.88 . . . 7
15 −24.04 −24.05 28.23 8.0 52.8 2.46 0.24 0.40 0.74 6
16 −24.25 −27.05 32.87 1.5 10.7 . . . . . . . . . . . . 7
17 −24.25 −26.45 29.30 4.7 8.0 . . . . . . . . . . . . 7
18 −24.25 −24.12 28.41 3.8 28.2 2.91 0.00 −0.14 0.22 6
19 −24.46 −27.13 32.98 8.0 50.1 1.96 . . . 1.50 . . . 7
20 −24.46 −24.04 28.59 3.3 20.0 2.50 . . . 0.88 . . . 6
21 −24.67 −27.78 34.89 2.3 10.7 . . . . . . . . . . . . 7
22 −24.67 −27.16 33.02 26.6 98.2 1.72 0.37 1.92 0.46 7
23 −24.67 −26.31 31.14 2.5 9.3 0.06 . . . 3.09 . . . 7
24 −24.67 −25.08 30.02 2.8 10.4 0.46 0.78 4.92 0.79 7
25 −24.88 −27.74 34.88 4.3 13.8 . . . . . . . . . . . . 7
26 −24.88 −27.22 32.69 10.6 10.6 1.90 0.23 2.70 0.40 7
27 −24.88 −26.31 31.39 3.7 11.9 . . . . . . . . . . . . 7
28 −24.88 −25.58 30.70 4.0 10.3 2.40 1.50 2.58 2.12 7
29 −25.10 −27.98 34.82 3.5 12.4 4.98 . . . 0.23 . . . 7
30 −25.10 −27.19 33.05 27.2 96.1 2.25 0.10 1.62 0.31 7
31 −25.10 −25.81 30.96 3.0 10.7 . . . . . . . . . . . . 7
32 −25.31 −27.77 34.88 1.5 8.6 . . . . . . . . . . . . 7
33 −25.31 −27.19 33.05 8.4 55.9 1.73 0.20 2.13 0.32 7
34 −25.52 −27.20 33.08 1.6 12.7 1.49 . . . 1.02 . . . 7
35 −26.99 −16.03 26.61 21.5 28.5 . . . . . . . . . . . . . . .
36 −28.26 13.42 40.50 1.2 8.6 . . . . . . . . . . . . 5
37 −28.47 13.40 40.42 2.0 14.4 2.91 . . . 1.34 . . . 5
38 −28.68 13.37 40.55 2.1 15.3 1.64 . . . −1.51 . . . 5
39 −28.89 0.01 −0.02 1.3 9.8 . . . . . . . . . . . . 4
40 −28.89 13.44 40.37 1.4 10.4 . . . . . . . . . . . . 5
41 −29.10 −1.69 0.74 1.6 9.3 2.36 0.78 −2.59 1.00 4
42 −29.10 −0.37 −0.17 1.8 10.0 2.88 0.59 −1.64 0.72 4
43 −29.31 −94.25 11.49 1.2 8.0 . . . . . . . . . . . . 1
44 −29.31 −1.60 0.62 6.5 13.5 0.06 . . . −0.47 . . . 4
45 −29.31 −0.26 −0.02 6.7 23.6 1.45 . . . −1.10 . . . 4
46 −29.31 −0.14 0.44 7.3 15.0 . . . . . . . . . . . . 4
47 −29.31 −0.02 −0.31 12.5 25.8 1.01 . . . −1.15 . . . 4
48 −29.31 1.94 −3.06 2.9 10.3 . . . . . . . . . . . . 4
49 −29.52 −94.22 12.36 2.4 13.2 −2.64 . . . −1.52 . . . 1
50 −29.52 −93.24 11.80 3.1 16.8 −1.78 0.84 −2.93 1.46 1
51 −29.52 −67.58 −0.40 3.3 8.2 −3.23 0.14 −1.33 1.41 2
52 −29.52 −0.18 −0.37 3.2 14.1 . . . . . . . . . . . . 4
53 −29.52 −0.04 −0.04 20.6 50.7 . . . . . . . . . . . . 4
54 −29.52 0.06 −0.12 2.4 13.2 . . . . . . . . . . . . 4
55 −29.73 −93.41 12.02 7.5 31.6 −3.97 0.16 −0.30 0.17 1
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Table 2. (Continued.)
ID VLSR X Y S S/N Vx σV x Vy σV y Grp.
i [km s−1] [mas] [mas] [Jy beam−1] [mas yr−1] [mas yr−1] ID
56 −29.73 −67.59 −0.49 7.6 23.3 −3.31 0.26 −0.62 0.96 2
57 −29.73 0.00 0.00 2.6 16.4 1.01 . . . −0.88 . . . 4
58 −29.73 1.17 3.57 5.1 11.1 . . . . . . . . . . . . 4
59 −29.73 2.09 −2.42 2.1 7.7 . . . . . . . . . . . . 4
60 −29.94 −93.73 12.19 6.2 20.1 −4.58 1.91 −1.22 1.79 1
61 −29.94 −67.57 −0.50 7.8 27.4 −3.15 0.07 −0.27 0.65 2
62 −29.94 0.00 0.00 4.2 7.9 . . . . . . . . . . . . 4
63 −29.94 1.45 −7.30 3.9 10.1 . . . . . . . . . . . . 4
64 −29.94 2.25 −0.81 3.0 10.6 0.19 0.34 0.00 0.04 4
65 −29.94 4.24 −3.94 3.8 13.4 . . . . . . . . . . . . 4
66 −30.15 −94.20 12.29 3.1 10.7 −3.28 . . . −0.42 . . . 1
67 −30.15 −67.56 −0.55 3.6 11.2 . . . . . . . . . . . . 2
68 −30.15 0.06 −0.25 8.2 16.3 . . . . . . . . . . . . 4
69 −30.15 2.27 −1.14 6.6 14.9 0.87 . . . −0.74 . . . 4
70 −30.15 2.29 −0.41 8.9 20.3 1.28 . . . −1.02 . . . 4
71 −30.15 2.41 −0.79 7.2 22.5 1.89 0.13 −1.24 0.06 4
72 −30.36 −94.14 12.33 1.5 8.1 −4.10 . . . −0.06 . . . 1
73 −30.36 0.00 0.00 8.7 27.8 . . . . . . . . . . . . 4
74 −30.36 2.55 −0.84 5.9 22.0 −0.69 0.93 −0.64 1.46 4
75 −30.57 0.40 −0.42 2.9 7.0 . . . . . . . . . . . . 4
76 −30.57 2.32 −0.62 3.2 13.0 . . . . . . . . . . . . 4
77 −30.57 2.98 −1.20 2.9 11.7 . . . . . . . . . . . . 4
78 −30.57 3.50 −1.58 3.3 10.4 . . . . . . . . . . . . 4
79 −30.99 −0.03 −0.08 1.1 7.9 . . . . . . . . . . . . 4
80 −31.21 −66.53 19.62 1.7 12.8 . . . . . . . . . . . . 3
81 −31.42 −66.30 19.19 1.3 9.9 −1.45 . . . 0.85 . . . 3
82 −31.63 −66.38 19.14 2.4 16.9 −1.72 . . . 1.04 . . . 3
83 −31.84 −66.47 19.13 2.1 15.0 −1.27 . . . 0.31 . . . 3
84 −32.05 −66.76 19.20 2.2 17.2 . . . . . . . . . . . . 3
Column (1)—Component ID. Column (2)—LSR velocity in km s−1. Column (3)—offset positions in R.A. relative to
the original phase center. Column (4)—offset positions in Dec. relative to the original phase center. Column (5)—
brightness of the spot at the first detection in Jy beam−1. Column (6)—signal-to-noise ratio (S/N). Column (7)—best
fit linear motion in R.A. in mas yr−1. Column (8)—standard errors of the motions in R.A. Column (9)—best fit linear
motion in Dec in mas yr−1. Column (10)—standard errors of the motions in Dec. Column (11)—identification of maser
group.
Table 3. Maser Groups.
Grp.ID V GrpLSR ∆VLSR
† XGrp Y Grp V Grpx V
Grp
y
j [km s−1] [km s−1] [mas] [mas] [mas yr−1] [mas yr−1]
1 −29.79 1.05 −93.88 12.07 −3.39 −1.08
2 −29.84 0.63 −67.58 −0.49 −3.23 −0.74
3 −31.63 0.84 −66.49 19.26 −1.48 0.73
4 −29.85 2.10 0.95 −0.71 1.13 −1.06
5 −28.58 0.63 13.41 40.46 2.28 −0.09
6 −23.76 1.26 −23.88 27.80 2.81 0.34
7 −24.62 2.90 −26.74 31.82 1.86 1.89
† ∆VLSR indicates a difference between maximum and minimum VLSR values within
each maser group.
No. ] Astrometry of T Lep with VERA 13
Table 4. Astrometric Parameters of T Lep.
µX µY Parallax Reference
[mas yr−1] [mas yr−1] [mas]
14.60±0.50 −35.43±0.79 3.06±0.04 This paper.
8.17±1.63 −31.63±1.74 −1.77±2.73 Perryman et al. 1997 (HIPPARCOS)
12.31±1.18 −33.31±1.10 1.37±1.44 van Leeuwen 2007 (Revised HIPPARCOS)
Table 5. Results from VLBI astrometry.
Source Type Parallax† P LogP mK
‡ MK
[mas] [day] [mag] [mag]
T Lep Mira 3.06±0.04(a) 368 2.566 0.12(h) −7.45± 0.03
S Crt SR 2.33±0.13(b) 310∗ 2.190 0.73(i) −7.43± 0.12
R Aqr Mira 4.7±0.8(c) 390 2.591 −1.01(h) −7.65± 0.37
SY Scl Mira 0.75±0.03(d) 411 2.614 2.61(j) −8.01± 0.09
RX Boo SR 7.31±0.5(e) 340 2.531 −1.85(k) −7.53± 0.15
S CrB Mira 2.39±0.17(f) 360 2.556 0.21(h) −7.90± 0.15
U Her Mira 3.76±0.27(f) 406 2.609 −0.27(h) −7.39± 0.16
RR Aql Mira 1.58±0.40(f) 394 2.595 0.46(h) −8.55± 0.56
W Hya SR 10.18±2.36(g) 361 2.558 −3.16(h) −8.12± 0.51
R Cas Mira 5.67±1.95(g) 460 2.663 −1.79(l) −8.02± 0.78
† Reference of the parallax; (a)This paper, (b)Nakagawa et al. 2008, (c)Kamohara et al.
2010, (d)Nyu et al. 2011, (e)Kamezaki et al. 2012, (f)Vlemmings & van Langevelde 2007,
and (g)Vlemmings et al. 2003.
‡Reference of the mK ;
(h)Whitelock et al. 2000 (Fourier mean magnitude), (i)Jura &
Kleinmann 1992, (j)Whitelock et al. 1994, (k)Glass & van Leeuwen 2007, and (l)Feast &
Whitelock 2000.
∗ For the period of S Crt, we use 310 days, which is the double of its first overtone period
of 155 day.
